By analyzing genomic copy-number differences using highresolution mouse whole-genome BAC arrays, we uncover substantial differences in regional DNA content between inbred strains of mice. The identification of these apparently common segmental polymorphisms suggests that these differences can contribute to genetic variability and pathologic susceptibility.
To facilitate high-resolution and high-throughput analysis of genomic abnormalities in mouse tumors and models of induced chromosomal abnormalities, we developed BAC arrays 1 to cover the entire mouse genome. The new whole-genome BAC arrays (19 k arrays) consist of more than 19,200 BAC clones that form a virtually complete tiling path, except in regions without clone coverage in the present mouse physical map 2 . We applied the 19 k BAC arrays to detect chromosomal imbalances in mouse tumor samples from a 129/Sv background, using normal DNA from C57BL/6J mice as the control, and identified several regions that consistently showed copy-number losses or gains ( Fig. 1 and Supplementary Note online).
To investigate the prevalence of these segmental polymorphisms, we analyzed another 14 commonly used inbred mouse strains. We found 216 BACs that consistently showed losses and 130 BACs that consistently showed gains (Supplementary Table 1 online) . Notably, some of these regions span more than 1 Mb and were detected by multiple overlapping BAC clones in more than one strain. For example, a region showing gain on chromosome 14 in strain 129/Sv spanned B4 Mb and appeared normal in all other strains, except SPRET/EiJ and SENCARA/PtJ, which showed copy-number loss in that region (Fig. 2a) . A small region around 36.4 Mb on chromosome 14 showed both loss and gain in multiple strains, whereas a 3-Mb region on chromosome 7 showed loss in most strains tested ( Fig. 2b) .
At 20.1-20.6 Mb on chromosome 8, multiple overlapping BACs indicated copy-number gains in 13 inbred strains, and strain SPRET/EiJ seemed to have deletions in that area.
In all BAC array hybridizations, we used genomic DNA from strain C57BL/6J as the control and measured the copy-number variation as a significant deviation (P o 0.0012) of fluorescence ratios from the baseline level along individual chromosomes. Because all BAC clones of the 19 k arrays carry insert DNA only from the C57BL/6J strain, it is not possible to detect deletions in this strain. Therefore, detection of gains in other strains reflects real DNA copynumber gain. Detection of copy-number losses, however, can be caused by a deletion in the test samples, by a gain in the control sample or by a combination of both. To determine whether some of the apparent deletion regions may be due to sequence duplications in the control sample from strain C67BL/6J rather than bona fide deletion in the test samples, we use an oligomer counting approach 3 (Supplementary Methods online) to analyze the copy-number variations across the genome of the C57BL/6J strain. We found that BAC clones showing loss were more frequently (P o 0.0023, w 2 test) located in regions with higher copy number in strain C57BL/6J, suggesting that the reduced copy number in the test strains may not be caused by real deletion. However, 90% of BAC clones showing loss were found in regions with apparently normal copy number. These BACs probably contain deletions of segmental sequences that are smaller than the insert of an average BAC clone (B175 kb). Deletion of large contiguous regions (4250 kb) should be rare, because we found no BAC clones with a log 2 ratio of more than 2.5 and less than À2.5 in dye-reversal experiments, as expected for inbred mouse strains.
To investigate the possible mechanisms underlying such segmental polymorphisms, we further analyzed the sequence features and the flanking regions (within 200 kb) of all the BACs that showed copynumber variations. We found that 10% of BACs showing loss and 1% of BACs showing gain were associated with segmental duplications 4, 5 (Supplementary Table 2 online); such association was found in only 3% of randomly selected BACs. The frequent association (P o 0.0005) of segmental duplication with BACs showing loss suggests that a recombination-mediated sequence-deletion mechanism, similar to that found in some human genomic disorders 6 , could lead to some of these copy-number variations.
To investigate whether some of the regions showing copy-number variations were complete deletions that were not clearly detected because of BAC cross-hybridizations, we analyzed the clone representation of regions showing loss in strain 129/Sv. A 'gene targeting' library was constructed for this strain and characterized by end sequencing. These clones were randomly distributed through the whole genome, with an average spacing of 39 kb (ref. 7) . We analyzed 31 regions showing loss in strain 129/Sv that are covered by BACs. None showed absence of construct clone coverage, indicating that loss in these regions detected by the BAC arrays is not due to complete loss of large contiguous segments.
Fluorescence in situ hybridization (FISH) experiments also indicated that the detected segmental polymorphisms are probably due to small-scale variations of sequence copy number rather than large contiguous deletions. We selected six BAC clones (Fig. 2c) and two control clones for FISH validation from a region on chromosome 7 (Fig. 2c) that showed frequent loss in multiple strains (Fig. 2b) . We hybridized BAC probes to C57BL/6J and 129/Sv hybrid embryonic stem cells. For each of the six probes, we scored 25 metaphase and 50 interphase cells and found similar patterns of hybridization signals. We quantified FISH signals from 7-12 interphase cells and tested the statistical significance of differences in signal intensity between the test probes and the control probe. In each case, the signals from one homolog were significantly (P o 0.0005, paired t-test) stronger than those from the other (Fig. 2d,e) . These results fully corroborated the BAC array findings (Fig. 2c) .
To confirm the segmental polymorphisms detected by BAC arrays, we used quantitative PCR assays (Taqman) to measure copy number in three regions across all 14 mouse strains. We found a 100% concordance between results of array comparative genomic hybridization and Taqman assays, using a copy ratio cutoff value of 0.75 with respect to strain C57BL/6J in both methods ( Supplementary Fig. 1 and Supplementary Table 1 online) .
Common segmental polymorphisms shared between strains are indicators of their evolutionary history. We attempted to analyze the relatedness between the tested strains according to their segmental polymorphisms profiles using unsupervised hierarchical cluster analyses 8 . Even with our relatively limited and low-resolution data on copy-number variation, we were able to stratify the relatedness of mouse strains. Our results were comparable to those derived from high-resolution single-nucleotide polymorphism data 9,10 (Supplementary Fig. 2 online) .
Segmental polymorphisms have been found in humans 11, 12 but none has been reported in inbred mouse strains. Our results indicate that large genomic segmental polymorphisms can be rapidly mapped using high-resolution BAC array comparative genomic hybridization. Application of this array-based high-resolution and high-throughput screening approach, in combination with conventional genetic approaches, will generate more data that will help to establish the biological relevance of genomic segmental polymorphisms.
